The inhibitory glycine receptor is a ligandgated ion-channel protein existing in different homo-and heterooligomeric isoforms. Here we show that the chloride channel of the recombinant al-subunit homooligomeric glycine receptor is efficiently blocked by cyanotriphenylborate (CTB) with a concentration effecting 50% inhibition (KCW0) of 1.3 AM in the presence of 50 MM glycine. The antagonistic effect of CTB is noncompetitive, use dependent, and more pronounced at positive membrane potentials, suggesting open-channel block. In contrast to al-subunit receptors, a2-subunit homooligomers are resistant to CTB (IC50>> 20 AM). By exchanizng the channel-linig transmembrane segment M2 of the at polypeptide by that of the a2 polypeptide, we could transfer this resistance to al channels, indicating that a single glycine residue at position 254 of the al subunit is critical for CTB sensitivity. The blocker did not affect the cation-selective channel ofthe nicotinic acetylcholine receptor. Thus, CTB may prove useful as a tool to probe the subunit structure of native glycine receptors in mammalian neurons.
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Ligand-gated ion-channel proteins constitute a large superfamily of homologous proteins including the nicotinic acetylcholine receptor (nAcChoR), glycine receptor (GlyR), and y-aminobutyric acid type A receptor (GABAAR). The pores intrinsic to these proteins are formed by a pentameric arrangement of membrane-spanning subunits. These are built of an N-terminal extracellular domain followed by four predicted transmembrane segments (M1-M4) (reviewed in refs. 1 and 2). Functional analyses of mutagenized receptor subunits have shown segment M2 to line the wall of nAcChoR channels (3) (4) (5) (6) . Likewise, primary structure variations of M2 segments in GlyR subunits account for the different elementary conductances observed with the recombinant a-subunit homooligomeric and a/(3-subunit heterooligomeric GlyR isoforms (7) . These functional characteristics were compared to those of glycine-activated conductances in spinal neurons (e.g., refs. 8 and 9) and are consistent with the previously reported exchange of embryonic a2 by adult al and (3 polypeptides in vivo (7, 10) .
Channel function can be antagonized by blocker molecules in away that is noncompetitive to agonist binding. Such drugs are thought to inhibit ion permeation by binding to a site within the lumen of an open channel (11 (13) and have been shown to determine the residence time of another blocker, the local anesthetic QX-222 (14) . inhibited by the uncharged Cl--channel blocker picrotoxinin. This difference is determined by the primary structure of the respective M2 segments, implying that this segment constitutes the binding site for the blocker (15) . Based on the functional and structural homology of different ligand-gated ion-channel proteins, we assumed that a high-affinity anion-channel blocker should be structurally similar to cation-channel blockers, albeit negatively charged. In an attempt to find organic molecules analogous to the triphenyl structure of TPMP, we identified the cyanotriphenylborate (CTB) anion (Fig. 1 (16) with the human al-, a2 (17)-, and rat 3(18)-subunit cDNAs as well as mutants thereof inserted into the mammalian expression vector pCIS2 (19) . The construction of a mutant of the al subunit carrying the Gly-254 --Ala mutation, which we call "al G254A" (previously denoted al G221A), has been described (7) . For generating mutant "BB G278A," which carries the mutation Gly-278 -* Ala, single-stranded DNA of mutant (3B [which is a chimera where the M2 segment ofthe 13 subunit is replaced by that ofthe al subunit; see ref. (15) ] was used as template for oligonucleotidedirected mutagenesis (Bio-Rad mutagenesis kit) by using 5'-GATGCCCAGAGCTACTCTGGC-3' as mutagenic oligonucleotide. This generated a construct of the f3 subunit containing the a2 M2 segment.
Electrophysiological Recording. Whole-cell recordings (20) were obtained from cDNA-transfected HEK-293 cells (7, 15) perfused with a solution containing 137 mM NaCl, 5 ylammonium chloride, 1 mM CaCl2, 2 mM MgCl2, 11 mM EGTA, and 10 mM Hepes (pH 7.2). Glycine was applied with a fast-application system (21) . When Cl-was substituted in the pipette solution by another anion, 6 mM Cl-remained. The data were digitized at 20 Hz or at 1 kHz (in ramp experiments). We corrected for liquid-junction potentials, calculated by the JPCALC program by Peter H. Barry (University of New South Wales, Australia). Whole-cell currentvoltage (I-V) relations were obtained by linearly increasing (ramping) the membrane potential from -90 to 50 mV (50 mV/s). For CTB dose-inhibition curves, plateau currents of glycine responses recorded with CTB were related to control plateaus. Open-channel diameters were derived from the relative permeabilities of a series of test anions (C1-, HCO-, HCOO-, and CH3COO-) as detailed (8) . Voltage-clamp recordings from Xenopus oocytes injected with GlyR or nAcChoR complementary RNAs (cRNAs) were performed as described (22) . Neither oocytes nor HEK-293 cells showed endogenous glycine responses in the range of the glycine concentrations used. The sodium salt of CTB was purchased from Alfa Chemie (Karlsruhe, Germany) and TPMP bromide was from Sigma. RESULTS CTB Block of Recombinant GlyR Channels. The application ofglycine to HEK-293 cells transfected with the human GlyR al-subunit cDNA elicits whole-cell Cl-currents up to several nanoamperes ( Fig. 2A Left) current to baseline levels ( Fig. 2A Center) . This effect was reversible, as glycine responses similar to control were recovered after a 2-min wash-out period ( Fig. 2A Right) . The persistence of the initial peak of the glycine response even at high concentrations of CTB suggested that the agonistactivated open state of the GlyR channel is the target of CTB's antagonistic action. Further, the extent of channel block by CTB, expressed as the percentage reduction of the plateau current by 1 ,uM CTB, increased with the glycine concentration coapplied (Fig. 2B) . Thus, antagonism of GlyR channel function by CTB requires open channels.
To elucidate whether CTB interferes with glycine binding to the receptor, we recorded glycine dose-response curves in the absence and presence of CTB. Here, Xenopus oocytes injected with human al-subunit cRNA were used because recordings from oocytes were much more stable than those from HEK-293 cells. The dose-response curves in Fig. 2C show that the effective glycine concentrations required for half-maximal plateau currents (EC50) are roughly similar in the absence (270 KM glycine; see also ref. 22 ) and the presence (143 ,uM glycine) of 0.2 ,uM CTB. As the EC50 value for glycine should increase in the presence of a competitive antagonist, it appears that CTB exerts its blocking action in a way that is noncompetitive to glycine binding.
To investigate the voltage sensitivity of CTB block, we measured the I-V relationships ofglycine-induced currents in al cDNA-transfected cells. With symmetrical chloride concentrations (145 mM) at both membrane faces, the I-V curves were linear, revealing a reversal potential of about 0 mV during the application of50 jLM glycine alone. In the presence of 1 ,uM CTB, glycine-induced currents were significantly smaller at positive as compared with negative membrane potentials (Fig. 3) . This inward rectification indicates that the efficacy of CTB increases with membrane potential, a behavior expected for a negatively charged molecule blocking the channel from the outside of the cell.
Glycine responses of HEK-293 cells or oocytes expressing the GlyR al subunit were not significantly blocked by TPMP-a molecule that is structurally similar to CTB albeit positively charged (see Fig. 1 )-at all concentrations tested (up to 20 ,uM in HEK-293 cells and to 100 ,M in oocytes, Fig.   4A ). Conversely, the application of 5 ,uM nicotine to oocytes expressing nAcChoR channels of the a3y8 type from rat muscle (23) elicited cationic currents, which were efficiently blocked by 100 AM TPMP but were insensitive to 100 ,uM CTB (Fig. 4B) .
Subunit-Specificity of CTB Block. The dose-dependence of CTB block of different GlyR isoforms was investigated by using glycine concentrations corresponding to the EC50 values determined for each isoform (Table 1 ). Fig. 5 shows glycine responses recorded with increasing CTB concentrations. A CTB concentration causing half-maximal inhibition of plateau currents (IC50) of 2.6 ± 0.7 ,uM (mean ± SD, n = 6 cells) was obtained for al homooligomers with 40 ,uM glycine. This value decreased to 1.3 ± 1.0 ,uM (n = 8) with 50 ,uM glycine in accordance with the observed use dependence of CTB block (Fig. SD) . Frequently, the initial peak currents in the presence oflow CTB concentrations exceeded those of the control glycine response; a similar phenomenon has been observed for the TPMP block of the nAcChoR (24) . In contrast to al homooligomers, a2 channels proved largely insensitive even at the highest CTB concentration used (IC50 >> 20 uM, n = 6; Fig. S B and D) . Coexpressing a and subunits in HEK-293 cells at an excess of (3-subunit cDNA leads to the almost exclusive formation of functional a/13 heterooligomers (7, 15) . The CTB sensitivity of al/A receptors (IC50 = 2.8 + 2.5 ,uM, n = 6) was indistinguishable from that of al homooligomers. For a2/,B channels, however, the IC50 value (7.5 ± 2.0 ,uM, n = 5) was lower than that of a2 homooligomers (Table 1) . Hill coefficients for inhibition of glycine-induced currents by CTB were close to unity, indicating a single-site mechanism, which is expected for openchannel block (Table 1) .
A Residue Within Transmembrane Segment M2 Determines the CTB Sensitivity of a Homooligomeric GlyRs. The channellining M2 segments of al and a2 subunits differ in only one amino acid position (7): Gly-254 of al is exchanged for an alanine in the a2 subunit (Fig. SE) . To examine the relevance of this substitution for the observed subunit specificity of CTB, we determined the sensitivity of mutant al G254A. Indeed, inhibition ofglycine-induced currents by 20 PM CTB was negligible with this mutant (Fig. SC) , and the doseinhibition curve (Fig. 5D) shows that this mutation strongly reduced CTB sensitivity (IC50>> 20 PM, n = 5)-i.e., al G254A channels behave like a2 receptors. This suggests that the M2 segment of the al subunit constitutes the binding site for the blocker. In an analogous approach, we made a chimeric construct where the M2 segment of the subunit was replaced by that of the a2 subunit (mutant BB G278A, Fig. SE) . However, upon coexpression of this chimera with the a2 subunit, which generates heterooligomers containing only M2 segments of the a2 type, the CTB resistance characteristic for a2 homooligomers was not seen (IC50 = 3.0 ± 1.6 uM, n = 5; sizes. However, the reversal potentials measured with Cl-, HCOO-, HCO-, and CH3COO-under biionic conditions revealed similar correlations of permeability with anion size for all GlyR isoforms analyzed (Fig. 6) . The model used to fit the decrease of permeability with ionic size (Fig. 6B) 
DISCUSSION
Our results demonstrate that CTB, a molecule not previously known to interact with channel proteins, potently and reversibly blocks the Cl-channel of recombinant GlyR isoforms. The block proved to be noncompetitive to glycine binding and sensitive to membrane potential. The degree of block increased with glycine concentration (i.e., with the open-state probability of the channel), suggesting use-dependence of CTB block. Moreover, GABA-gated Clchannels in rat hippocampal neurons were also blocked by low micromolar concentrations of CTB (unpublished experiments). Thus, this drug may be a blocker of Cl-channels gated by different agonists. Importantly, a large difference was observed between al and a2 homooligomeric GlyRs with respect to their blocker sensitivities. This difference is accounted for by a primary structure variation of the respective channel-forming transmembrane segment M2: the Gly-254 --Ala change within the al-subunit M2 segment completely abolished CTB sensitivity. These data qualify CTB as a subtype-specific open-channel blocker of the GlyR interacting with the channel-forming segment M2.
Previously, we have shown that the al-subunit Gly-254 Ala mutation converts the repertoire of elementary conductance states from al to that of a2 or a3 homooligomers (7) . The equivalent position is of prime importance for other ligand-gated ion channels, too: (i) this position corresponds to the most constricted site, the "central ring," of the nAcChoR channel (4-6); and (ii) mutating this position confers resistance of insect GABAARs to picrotoxinin and cyclodiene insecticides (25) .
The negatively charged CTB molecule was found to be ineffective at the cation-selective nAcChoR. On the other hand, anion-selective GlyR channels were insensitive to the structurally similar but positively charged TPMP, which is known to block cationic currents through the nAcChoR (ref. 26 and this study). This indicates that the electric charge of a blocker molecule is an important determinant of its specificity and suggests an interaction with an electrostatic field inside the pore.
The isoform specificity of CTB may qualify this compound as a tool to probe the subunit structure of native GlyRs. This is ofimportance, as the expression ofdifferent GlyR subtypes is developmentally and spatially regulated in the mammalian central nervous system (10, 27) .
